For a type-II superconductor, magnetic flux will penetrate into the bulk and form the quantized vortices when the external magnetic field exceeds the lower critical value *H*~c1~. For most conventional superconductors, the vortices are cylinder-like with a round cross-section. For cuprate superconductors, pancake vortices with the round or four-fold symmetric shape have been observed[@b1][@b2][@b3][@b4]. In 2H-NbSe~2~ superconductor a 6-fold symmetrical shape of vortices has been discovered[@b5][@b6]. In iron based superconductors, the vortices seem to have a round or four-fold symmetric shape in many systems[@b7][@b8][@b9]. It is quite rare to observe a twofold symmetric shape (elongated) of vortices. Elongated vortices are expected in the Josephson vortex systems when the magnetic field is parallel to the *ab*-planes in 2D superconductors[@b10][@b11][@b12][@b13]. Occasionally, single elongated vortex may be observed on the basal plane when the supercurrent is confined by the *C~2~* like electronic state on FeSe film[@b14] or in the state with electronic nematicity. Recently superconductivity with the PdTe~2~ chains as the conducting channels[@b15] was discovered in Ta~4~Pa~3~Te~16~ (Ref. [@b16]). Band structure DFT calculations reveal a mixture of 1D, 2D and 3D Fermi surfaces in this system[@b17]. Recent thermal conductivity measurements[@b18] show the sizable residual thermal conductivity coefficient κ/*T*\|*~T~*~→\ 0~ and its *H*^1/2^ magnetic field dependence under magnetic field, suggesting a nodal gap structure. It is thus curious to know how the superconducting gaps look like. Concerning the one dimensional conduction in the PdTe~2~-chain based superconductors, it is also desired to see whether the vortices are present, and in what form? If the Fermi surface structure contains an 1D component, the anisotropic in-plane Fermi velocity may lead to the elongation of vortex core structure. For these elongated vortices, how about the Abrikosov lattice? Furthermore, it would be very interesting to know how the Caroli-de Gennes-Matricon (CdGM) states[@b19][@b20] distribute spatially within the vortex cores with a strong one dimensional component.

Results
=======

Sample characterization and surface topography
----------------------------------------------

The Ta~4~Pd~3~Te~16~ single crystal samples were grown using self-flux method. The needle-like single crystals have the typical dimensions of about 2 × 0.2 × 0.1 mm^3^. The superconducting transition occurs at about 4.5 K and is characterized by resistivity and DC magnetic susceptibility measurements, as shown in [Figs. 1(c) and (d)](#f1){ref-type="fig"} respectively. The long-rod shape of the samples with shiny top-surfaces provides information on the anisotropic crystal structures. This material is a layered system with the stoichiometric composition for each individual layer along (−103) direction, so it is very easy to cleave and the charge-neutral plane with Te atoms on the top surface will be obtained. [Figure 1(a)](#f1){ref-type="fig"} represents a topographic image of a cleaved surface in an area of 50 × 50 nm^2^. According to the crystal structure, the surface termination has no other choices but Te atoms. A stripe like feature is observed, with a spatial distance between the unidirectional bright chains of about 2.5 nm. Because the Ta atoms have the largest radii among the three kinds of elements in the compound, and the Te atoms on the top layer sitting just above two neighbour linear Ta atom chains have higher heights, this may explain the appearance of the bright chains. Through a closer scrutiny on the atomic structure as shown in the upper panel of [Fig. 1(b)](#f1){ref-type="fig"}, we find that the period distance of the neighbored chains on top-surface is exactly equal to the distance of the PdTe~2~ chains of Ta~4~Pd~3~Te~16~. Along each chain, one can find that the atoms arrange themselves in an alternative way with the distance between two neighbour atoms of about 3.7 Å which is consistent with the lattice constant *b* of the material. Thus the *b*-axis of the crystal must be along the bright chains. It is interesting to note that between the neighboring bright chains, some kind of periodic bright spots with a larger scale than the atomic lattice parameter along *b*-axis was observed in [Fig. 1(a)](#f1){ref-type="fig"}. These bright spots assembled in a rhombus lattice form may be induced by the surface reconstruction or the charge density wave modulations, which needs further investigation. When we try to match the atomic pattern with the surface Te atoms as shown in the bottom panel of [Fig. 1(b)](#f1){ref-type="fig"}, we find that the measured atoms in some 2.5 nm period regions marked with red rectangle have a shift with a half lattice parameter *b* from the expectation of the structure, i.e., the exact lattice periodicity is 5 nm while the real one measured is 2.5 nm. In short summary, the atomic structure is consistent with the model configuration of the Ta~4~Pd~3~Te~16~ phase, beside the lattice shift a half lattice constant along *b*-axis.

Scaning Tunneling Spectroscopy (STS)
------------------------------------

STS is a direct probe to detect the local density of states (DOS), which can provide key information on the superconducting gap symmetry. In [Fig. 2(b)](#f2){ref-type="fig"}, we show the STS data measured at 0.45 K by having a line scan of the spectra along the blue arrowed line crossing several bright chains on the surface shown in [Fig. 2(a)](#f2){ref-type="fig"}. Although here the top surface is not atomically resolved, the distance between two neighboring bright chains is the same as that in [Fig. 1(a)](#f1){ref-type="fig"}. The superconducting feature is very clear here, and the low-energy part of the spectrum seems to be very homogenous and is perfectly reproducible. The spectra present two symmetric superconducting coherence peaks at energies of about ±0.95 mV. In the superconducting state, the differential conductance at the Fermi energy shows at least a 90% decrease from the normal state, which may provide some hints on gap symmetry. The shape of the spectra near the Fermi energy is close to the V-shape with a smeared bottom and is reminiscent of that in Cuprates[@b21] or Chevrel phase family of superconductor PdMo~6~S~8~ (Ref. [@b22]). Before this work, the measurements of thermal conductivity in Ta~4~Pd~3~Te~16~ suggest that there may exist nodes in the gap functions[@b18]. However, theoretical calculation shows that Ta~4~Pd~3~Te~16~ may be a conventional *s*-wave superconductor[@b17] with Cooper pairs arising from the *p*-orbital electrons.

Discussion
==========

In order to classify this point, we present a typical normalized STS spectrum measured at 0.45 K divided by the one taken at 5 K and show in [Figs. 2(c) and (d)](#f2){ref-type="fig"} as symbols. Meanwhile we fit the data with several scenarios of superconducting gaps based on the Dynes model[@b23], these include a single isotropic *s*-wave gap, a single *d*-wave gap, an anisotropic *s*-wave gap, as shown in [Figs. 2(c) and (d)](#f2){ref-type="fig"}. Since there are multibands in the compound Ta~4~Pd~3~Te~16~ (Ref. [@b17]), we also used two components (*s*~1~ + *s*~2~ or *s* + *d*) of differential conductivity with each containing a single gap function (either *s-* or *d-*wave), instead of using one component but with a mixture of two gaps (see [Supplementary Information SI-I](#s1){ref-type="supplementary-material"}). We must emphasis that all the fittings in this Report are the optimized ones yielding the reliable parameters. The results based on *s*-wave and *d*-wave fitting are plotted together with the experimental data in [Fig. 2(c](#f2){ref-type="fig"}). For the *s*-wave fitting, as shown by the green solid line, the calculation fails to track the low energy line shape, which always displays a more flat bottom of local DOS near the Fermi energy compared with the experimental data. On the other hand, the fitting with a single *d*-wave gap, although has a better global fit to the STS curve, but generates a "V-shape" feature near the bottom, which also deviates from the experimental data. Because the single isotropic *s*-wave and *d*-wave pairing symmetry cannot appropriately interpret our data, we use an anisotropic *s*-wave gap function to simulate the data. Although a twofold or a four-fold symmetric gap functions would lead to the STS with the same shape, since the material has the PdTe~2~ chains as the conducting channels, we use a twofold-symmetric anisotropic *s*-wave function Δ(*θ*) = Δ~1~ + Δ~2~ cos2*θ* instead of a four-fold symmetric gap function. The best fit to the spectrum leads to Δ~1~ = 0.644 meV and Δ~2~ = 0.276 meV. For details of the fitting one is referred to the [SI-I](#s1){ref-type="supplementary-material"}. As shown in [Fig. 2(d](#f2){ref-type="fig"}), the anisotropic *s*-wave model can fit the data quite nicely, both near the bottom and the coherence peaks. The gap function is shown in the inset of [Fig. 2(d)](#f2){ref-type="fig"} in a blue dumbbell like shape with a minimum value 0.37 meV and maximum value 0.92 meV. Taking the maximum gap value we determined 2Δ~max~/*k*~B~*T~c~* ≈ 4.6. We also fit the spectra with *s* + *d* waves and present in [Fig. S1(b)](#s1){ref-type="supplementary-material"}, the fitting is as good as the one with anisotropic *s*-wave ([SI-I](#s1){ref-type="supplementary-material"}). So we argue that the superconducting gap is highly anisotropic, or even there exist nodes or gap zero on the superconducting gap(s). Further experiments are required to resolve the issue whether the superconducting gap has a node or not.

Magnetic vortices appear in the mixed state for a type-II superconductor when a magnetic field is applied. The vortex core size can roughly give the coherence length *ξ*. Next we focus on the measurements under an applied magnetic field. Since the upper critical field *H*~c2~ perpendicular to the cleavage surface is about 3 T, in order to maintain a less-suppressed superfluid density outside the vortex core, we applied a magnetic field of 0.8 T with orientation perpendicular to the cleavage surface. [Figure 3(a)](#f3){ref-type="fig"} shows a 2D mapping of the zero bias conductance (ZBC) over an area of 180 × 180 nm^2^. In order to visualize the vortex more clearly, we filled out the signal associating with the bright chains (see [SI--II](#s1){ref-type="supplementary-material"}). Strikingly, one can see that the vortex is elongated along the *b*-axis, i.e., the typical size is around 45 nm in the *b*-axis and 22 nm vertical to the *b*-axis, which may reveal the anisotropy of electronic properties in the cleavage plane. The average flux per vortex calculated from our data is about 1.99 × 10^−15^ Wb, being close to the single magnetic flux quanta 2.07 × 10^−15^ Wb. It is known that the coherence length is proportional to Fermi velocity and inversely proportional to the gap amplitude, expressed as *ξ* = *ħv~F~*/*π*Δ. According to the theoretical calculation of the Fermi surface[@b17] and the gap anisotropy in this Report, the elongation can be understood qualitatively. In addition, we find that the Abrikosov lattice is also distorted along the *b*-axis, but still with a basic triangle lattice. A close scrutiny can find that the three angles enclosed by the three neighbor vortices are: 45°, 74°, and 61°, as highlighted by red triangle in [Fig. 3(a)](#f3){ref-type="fig"}. At a position with more symmetric vortex structure, we find the three angles of about: 48°, 66°, and 66°. An elongation of the vortex lattice along *b*-axis is evidently observed. The distorted vortex lattice with the elongated vortices observed here may be described by the model concerning in-plane anisotropic penetration depth or the coherence length. Theoretically an elongated structure of vortex and a distorted vortex lattice were predicted[@b24] for uniaxial superconductors (anisotropy between *c*-axis and *ab*-planes) when the magnetic field is applied deviating from *c*-axis. Detailed and quantitative analysis on the vortex structure and the distorted vortex lattice in present work is underway.

[Figure 3(b)](#f3){ref-type="fig"} displays a series of the spectra taken along the arrowed line crossing vortex centre as shown in [Fig. 3(c)](#f3){ref-type="fig"} at a magnetic field of 0.8 T. The apparent CdGM bound state peak is clearly observed around the vortex core centre. Away from the vortex core center, the bound state disappears and the spectrum evolves continuously towards outside the vortex. When we divide the STS measured at the vortex core centre by that away from vortex centre, the CdGM state ([Fig. 3(d)](#f3){ref-type="fig"}) becomes more obvious and a peak locates around the Fermi energy. On the other hand, the density of states at the Fermi energy decreases about 20% and the superconducting coherence peaks are suppressed dramatically outside the vortex core, indicating that the supercurrent outside the vortex core may smear up the gapped feature through the Doppler shift effect[@b25][@b26] if the gap has a nodal or highly anisotropic structure in Ta~4~Pd~3~Te~16~. We will further address this issue in the following.

In order to evaluate how strong the anisotropy of the vortex is and the superfluid distribution around a vortex, we measured the spectra far away from the vortex core (near the symmetric position of the four neighbor vortices) as shown in [Fig. 4(b)](#f4){ref-type="fig"} with an external field of 0.8 T, and with the magnetic field released to zero as shown in [Fig. 4(a)](#f4){ref-type="fig"}. The two set of data were measured by going through exactly the same trace with a scanning distance of about 7.5 nm. It is clear that the DOS at zero bias dropped more than 80% when the field is zero, but it drops only about 15% when magnetic field is applied. The difference between the STS outside the vortex core in [Fig. 3(b)](#f3){ref-type="fig"} and [4(b)](#f4){ref-type="fig"} may be induced by the different positions or the surface inhomogeneity. This weak suppression to the DOS at zero energy outside a vortex core is counterintuitive for an *s*-wave superconductor, since the superconducting order parameter will be established quickly outside the vortex core with a distance of about *ξ*. However, for a superconductor with strong gap anisotropy or nodes, the Doppler shift[@b25][@b26] will induce a finite DOS at *E*~F~ in the region *λ*~L~ \> *r* \> *ξ* (*r* the radial distance from the core center, *λ*~L~ is the London penetration depth). The strong suppression of the superconducting coherence peak and significant lifting of the ZBC far away from the vortex core centre certainly suggests a gap minimum or zero gap on the gap function. To extract the superconducting coherence length *ξ*, the radial dependences of the vortex-induced ZBC measured along *b*-axis and perpendicular to the *b*-axis (inset in [Fig. 4(c) and (d)](#f4){ref-type="fig"}) are normalized to unity at the vortex centre and plotted in [Figs. 4(c) and (d)](#f4){ref-type="fig"}. Then an exponential decay law[@b9][@b27] is fitted to the data. We find an average coherence length *ξ*~*∥*b~ = 20.6 nm, *ξ*~⊥b~ = 8.2 nm, and the anisotropy *ξ*~*∥*b~/*ξ*~⊥b~ ≈ 2.5.

For many type-II superconductors, the in-plane electronic property may have some anisotropy, but it is quite rare to see an elongated vortex. The significant elongation of the vortex in the present sample is remarkable. According to the DFT calculation[@b17], the system contains several Fermi pockets or sheets with a clear one dimensional feature from β and γ sheets. Unfortunately, it has no report so far about how large the in-plane anisotropy of the Fermi velocity is. Furthermore there is no any study up to now about the magnitude of the gap value and anisotropy. Our results here will help to resolve these issues. Finally, the results may also initiate the interesting trend for studying the vortex physics. For an elongated vortex and distorted Abrikosov lattice, the vortex pinning force and the Bardeen-Stephen dissipation[@b28] coefficient need to be reconsidered, the vortex moving manner along *b*-axis and perpendicular to *b*-axis will certainly be different. Our discovery about the elongated vortex and the gap anisotropy will stimulate the study on the new superconductor Ta~4~Pa~3~Te~16~ and may open a new area for the study of vortex motion and phase diagram with elongated vortices.

Methods
=======

Sample growth and characterization
----------------------------------

Single crystals Ta~4~Pd~3~Te~16~ were grown by a self-flux method, which starts from Ta (99.9%), Pd (99%), and Te (99.999%) mixed in the mole ratio Ta:Pd:Te = 2:3:15. The synthesis is similar to the one reported previously[@b15]. The mixed powders were thoroughly ground and then sealed in an evacuated quartz tube. It was heated up to 950°C in 20 hours and held at this temperature for 1 day, followed by cooling to 650°C in 60 hours and finally cooling down to room temperature by shutting off the power of the furnace. DC magnetization measurements were carried out with a SQUID-VSM-7T (Quantum Design). The electrical resistivity was measured by the standard four-probe method with current applied along the *b*-axis with a physical property measurement system (PPMS, Quantum Design).

STM measurements
----------------

The STM/S measurements were performed with an ultra-high vacuum, low-temperature, and high-magnetic-field scanning probe microscope USM-1300 (Unisoku Co., Ltd.). The samples were cleaved at room-temperature in ultra-high vacuum with a base pressure about 1 × 10^−10^ torr. In all STM/STS measurements, tungsten tips were used. The tips were treated by in situ e-beam sputtering and calibrated on a single crystalline Au(100) surface. To lower down the noise of the differential conductance spectra, a lock-in technique with an ac modulation of 0.1 mV at 987.5 Hz was used. Each tunneling spectrum shown in this Report was averaged with ten curves measured at the same position, and the spectra shown in [Figs. 3(b)](#f3){ref-type="fig"} and [4(b)](#f4){ref-type="fig"} were smoothed to reduce the noise.
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![STM topographies and superconducting transitions of Ta~4~Pd~3~Te~16~.\
(a), An atomically resolved topography at bias voltage *V*~bias~ = 100 mV and tunnelling current *I*~t~ = 50 pA. (b), A zoom-in view of the image in (a) and the corresponding crystal structure projected along the \[−1 0 3\] (upper) and \[010\] (lower) directions. *V*~bias~ = 30 mV, *I*~t~ = 100 pA. (c,d), Temperature dependence of resistivity and magnetization after zero-field cooling and field cooling at 10 Oe.](srep09408-f1){#f1}

![STS spectra and theoretical fitting with different gap functions.\
(a), Topographic image (*V*~bias~ = 100 mV, *I*~t~ = 50 pA). The blue arrow indicates the trace on which the tunnelling spectra shown in (b) were measured. (b), The spatially resolved tunnelling spectra d*I*/d*V* versus *V* at 0.45 K. (c,d), Fitting results to a typical STS spectrum at 0.45 K normalized by the one measured in the normal state (at 5 K). The symbols represent the experimental data, and the coloured lines are the theoretical fits to the data with the Dynes model with *d*-wave, *s*-wave and an anisotropic *s-*wave gap, respectively. The inset in (b) shows a twofold symmetric gap function Δ = 0.644 + 0.276cos2*θ* (meV) yielded from the fitting with an anisotropic *s*-wave gap.](srep09408-f2){#f2}

![Observation of elongated vortices and the CdGM states at 0.8 T.\
(a), 2D mapping of differential conductance measured at 0.45 K and 0.8 T in Ta~4~Pa~3~Te~16~. It is clear to see the vortex array composed of elongated vortices. The distorted Abrikosov hexagonal lattice elongates in *b*-axis, and a typical triangle connecting three neighbored vortices has three internal angles of 45°, 74°, and 61°. (b), The spatially resolved tunnelling spectra measured across a vortex core. (c), The vortex selected for the measurement of spatial dependence of tunneling spectra. The red arrow indicates the trace on which the tunnelling spectra shown in (b) were measured. (d), A tunnelling spectrum measured at the center of a vortex normalized with the one measured far away from the vortex centre.](srep09408-f3){#f3}

![Significant lifting of the zero-bias conductance at a magnetic field and determination of the in-plane anisotropy of coherence length.\
(a,b), The tunnelling spectra measured along the same line at zero magnetic field and 0.8 T far outside the vortex core at 0.45 K, respectively. (c,d), Spatial dependence of the differential conductance in semi-log plots across several different vortices along the long axis and short axis. The experimental data are fitted by the exponential decay formula (red lines), which leads to an average coherence length of *ξ*~*∥*b~ = 20.6 nm and *ξ*~⊥b~ = 8.2 nm at the two perpendicular directions.](srep09408-f4){#f4}
